After zygotic genome activation and lineage specification, zygotes develop into late blastocysts comprising three distinct cell types. The molecular mechanisms underlying this progress are largely unknown in pigs. Here, we intended to analyze an extensive set of regulators at the single-cell level to define the events involved in the development of the porcine blastocysts. Using a quantitative microfluidics approach in single cells, we detected mRNA levels of 96 genes known to function in early embryonic development and maintenance of stem cell pluripotency simultaneously in 480 individual cells derived from porcine preimplantation embryos. The developmental transitions can be distinguished based on distinctive gene expression profiles, and we identified paired box 6 (PAX6) and aquaporin 3 (AQP3) expressed in early and late developmental stages, respectively. Two lineages can be segregated in porcine early and late blastocysts by the expression patterns of lineage-specific genes such as DAB2, clathrin adaptor protein (DAB2) for trophectoderm (TE), platelet derived growth factor receptor alpha (PDGFRA), Nanog homeobox (NANOG), fibronectin 1 (FN1), hepatocyte nuclear factor 4 alpha (HNF4A), goosecoid homeobox (GSC), nuclear receptor subfamily 5 group A member 2 (NR5A2), and lysine acetyltransferase 6A (KAT6A; previously known as MYST3) for inner cell mass (ICM). However, the epiblast and primitive endoderm cannot be identified in late blastocysts, and those TE or ICM lineage-specific genes were low expressed in blastomeres from the morula. Our results shed light on early cell fate determination in porcine preimplantation embryos and offer theoretical support for deriving porcine embryonic stem cells.
Introduction
During mammalian preimplantation embryonic development, zygotes undergo maternal-to-zygote genome transition (MZT) and two consecutive lineage segregations resulting in the formation of late blastocysts comprising three distinct cell lineages: the trophectoderm (TE), the primitive endoderm (PE) and the epiblast (EPI). MZT is the first major events in which maternal transcripts are specifically degraded and zygotic transcripts are predominant through zygotic genome activation (ZGA). ZGA is essential for continued progression of embryonic development, but its onset varies across species occurring in mice at the 2-cell stage [1] , in pigs at the 4-cell stage [2, 3] , and in bovines and humans at the 8-cell stage [4, 5] . The lineages specification is initiated at the morula stages, when cells on the outside of the embryo ultimately differentiate into the extraembryonic TE, whereas inside cells form the pluripotent inner cell mass (ICM). Subsequently, the ICM cells differentiated into either the PE that contributes predominantly to extraembryonic tissues or the pluripotent EPI that will give rise to the fetus [6] .
Pluripotent embryonic stem cells (ESCs), which are derived from the ICM of blastocysts, have great potential for the regenerative medicine and animal breeding, because they can differentiate in vitro and in vivo into all three germ layers, including germ cells [7, 8] . Currently, stable ESCs were successfully established from mouse, rhesus monkeys, humans, and rats [9] [10] [11] [12] . Though many efforts have been made to isolate porcine ESCs [13] [14] [15] [16] , no study has reported the generation of porcine ESCs capable of germline transmission. There are two principle reasons for this, namely, the unsuitable culture system for pluripotency maintenance and inadequate information regarding the unique molecular mechanisms of porcine early embryonic development [17] . Therefore, it is urgently to more comprehensively define the molecular mechanisms of early embryonic development specific to pigs.
Several studies have reported the transcriptomic dynamics of porcine preimplantation embryos [2, 18, 19] ; however, all measurements were performed on populations of cells. It limits in-depth analysis of cell differentiation and the regulation mechanisms underlying the transcriptome. Deciphering gene expression in embryos at the single-cell level is a crucial step to understand the early developmental processes. Single-cell gene expression analysis has been extensive applied to study the cell fate determination in mice, humans, and bovines [20] [21] [22] [23] . Accordingly, we intended to analyze a set of regulators in parallel at the single-cell level to better define the events involved in the development of porcine blastocysts. In view of the sample size, gene number and sensitivity in detecting mRNA expression level, high-throughput single-cell quantitative PCR (qPCR) represents a favorable choice [20, 24, 25] . In this study, we analyzed mRNA levels of 96 genes known to regulate early embryonic development and stem cell pluripotency in parallel in 480 individual cells from the zygote through to the expanded late blastocyst, thus providing unprecedented insight into the earliest cell fate decisions of the developing porcine embryos.
Materials and methods
Porcine oocyte collection, intracytoplasmic sperm injection, and embryos culture Porcine ovaries were collected at a local abattoir and transported to the laboratory in 0.9% physiological saline containing 75 mg/ml potassium penicillin G (Sigma-Aldrich, MO, USA) and 50 mg/ml streptomycin sulfate (Sigma-Aldrich). Cumulus-oocyte complexes were collected by aspiration from ovarian antral follicles with a diameter of 3-6 mm. Oocytes with at least three layers of compacted cumulus cells were selected and matured in M199 medium (Gibco, Paisley, UK) supplemented with 0.1 mg/ml Cysteine (SigmaAldrich), 10 ng/ml epidermal growth factor, 10 IU/ml pregnant mare serum gonadotropin, 10 IU/ml human chorionic gonadotropin, 75 mg/ml potassium penicillin G, 50 mg/ml streptomycin sulfate (all Sigma-Aldrich), and 10% (v/v) porcine follicular fluid for 44-48 h.
In vitro matured oocytes were treated with 0.1% hyaluronidase (Sigma-Aldrich) to remove cumulus cells. And denuded oocytes with the first polar body were used for intracytoplasmic sperm injection (ICSI). After removal of the tails with the aid of a sperm injection needle, sperms were injected into oocytes using a Piezo-actuated micromanipulator. The sperm-injected oocytes were then cultured in PZM3 medium at 38.5
• C under 5% CO 2 . One hour after the injection, oocytes were transferred to stimulation solution consisting of 0.28 M D-mannitol, 0.05 mM CaCl 2 , 0.1 mM MgSO 4 , and 0.1 mg/ml bovine serum albumin (BSA; all Sigma-Aldrich) and washed three times. They were then stimulated with a direct current pulse of 1.5 kV/cm for 80 μs, using a somatic hybridizer (SSH-2 Shimadzu, Kyoto, Japan). After stimulation, the oocytes were washed and cultured in PZM3 medium.
Single blastomeres isolation
Porcine embryos at different developmental stages were collected at the following times after sperm injection and oocyte activation: zygote (1C) at 8 h, 2-cell (2C) on day 1, 4-cell (4C) on day 2, 8-cell (8C) on day 3, 16-cell (16C) on day 4, 32-cell (32C) on day 5, early blastocyst (EB) on day 6, and late blastocyst (LB) on day 8. The zona pellucida of all embryos was removed by treatment with 0.5% pronase (Sigma-Aldrich). Two-to eight-cell denuded embryos were incubated in M2 medium (Sigma-Aldrich) without calcium and magnesium and disaggregated by repeated mouth pipetting. The denuded morula and blastocyst were incubated with 0.25% trypsin (Invitrogen, Carlsbad, USA) for 5-10 min at 37
• C and transferred to M2 medium. Then, single cells were isolated by gentle, repeated mouth pipetting with a finely pulled glass tip. After disaggregation, all of the blastomeres were washed three times with Dulbecco's phosphatebuffered saline (Invitrogen) containing 0.1% BSA (Sigma-Aldrich), and placed into RT-PCR master mix for lysis, sequence-specific reverse transcription and preamplification.
Multiplexed primer design, one-step reverse transcription and preamplification
It was carried out essentially as described previously [23] . Briefly, the mRNA sequences for each selected gene were used to design gene-specific primers using Primer3 and ensuring that each primer within the designed pool had a similar Tm. All primers, previously tested with cDNA of porcine blastocysts for amplification efficiency and specificity, are listed in Supplementary 
Single-cell data analysis
Single-cell data analysis was performed as described previously [23] .
All raw Ct values obtained from the BioMark System were converted into Log2 gene relative expression levels by subtracting the assumed background Ct of 24. Samples with low or absent expression levels of endogenous control genes were exclude from subsequent analysis. Principal component analysis (PCA) was performed using the svd command in R. Hierarchical clustering was performed using Euclidean distances, and dendrograms were displayed along the row scaled heatmaps using the fluidigmSC package. Boxplots and violin plots were generated with the originLab and R software. The star command in R was used to simultaneously visualize the gene expression levels. For constructing Figures 2D and 4D and Supplementary Figure S2 , we used PCA to clarify cells into corresponding cell types.
For the early and late blastocyst, cells with a PC1 score ≤0 were classified as TE and cells with a PC1 score ≥10 were classified as ICM.
The remainder cells fulfilling none of these criteria were considered as uncertain.
Results
To avoid the effect of polyspermy in porcine in vitro fertilized embryos, we conducted ICSI and used these porcine preimplantation embryos to analyze the gene expression patterns in single cells using the Fluidgm Biomark System with 96:96 Dynanic Array chips coupled with gene-specific primers. EvaGreen real-time PCR chemistry and melting curve analysis were used for monitoring specific signals. Individual blastomeres were isolated by manual disaggregation of porcine embryos harvested at the appropriate times on the basis of morphology ( Figure 1A and B). We analyzed a total of 480 single cells obtained at multiple preimplantation developmental stages from zygote to expanded blastocysts (Table 1) . We focused on genes known to drive cellular fate in early embryonic development and function in maintenance of stem cell pluripotency in the mice and pigs. Generally, we selected 96 genes (Supplementary  Table S1 ), involved in cell differentiation, chromatin modification, signal transduction, metabolism, and pluripotency to detect embryonic single-cell gene expression. Actin beta (ACTB) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as control genes. The absolute expression levels of all genes with normal melting curve at all preimplantation stages analyzed are shown in Supplementary Figure S2 .
Developmental transitions are defined by gene expression patterns
To determine whether different developmental stages can be delimitated on the basis of the gene expression patterns of selected genes, we first performed unsupervised hierarchical clustering of all blastomeres and all genes ( Figure 2A Figure 2B , the data points are single cells from all preimplantation developmental stages, and the variables are the 96-dimensional gene sets. In the PCA of our data set, PC1, PC2, and PC3 represented on the x, y, and z axis explains 39.15%, 28.92%, and 5.78% of the observed variance, respectively. The PCA revealed that all blastomeres distributed according to their developmental stage. The most significant variation in the data set was due to differences between early developmental stages from zygote to morula and blastocyst stages. In contrast, cells of the early and late blastocyst were not separated by PC1, but by PC3 on the z axis.
As shown in Figure 2C , the PCA components consisted of contributions from all 96 genes in the data set, and genes with a more positive PC score enriched in cells corresponding to a more positive PC loading. This enabled us to identify genes that are enriched in the early and late developmental stages, such as, paired box 6 (PAX6) and aquaporin 3 (AQP3), two representative genes which lies on the extreme left and right hand of PC1, respectively. The expression of PAX6 keeps high level and gradually declined until the blastocyst stage suggesting it might be a maternal gene. While AQP3 keeps low expression level and the zygotic AQP3 accumulation occurs at the blastocyst stage ( Figure 2D ).
Two lineages can be identified in the early blastocyst
The first lineage specification results in the formation of the early blastocyst containing two lineages with distinct developmental potency, namely, the outer cells TE and inner pluripotent cells ICM. Therefore, we asked whether these two different cell types could be segregated based on the expression pattern of gene sets. First, we performed unsupervised hierarchical clustering and PCA of individual blastomeres obtained from early blastocysts. Unsupervised hierarchical clustering segregated the early blastocyst single cells into two clusters: the TE and ICM ( Figure 3A) . Fifty-eight cells highly expressed known TE markers such as DAB2, clathrin adaptor protein (DAB2). Twenty-four cells highly expressed EPI-specific genes such as Nanog homeobox (NANOG). Unfortunately, we failed to detect the signal of a well-known TE marker caudal type homeobox 2 (CDX2).
When we applied PCA to the gene expression data of early blastocysts, we found that PC1 and PC2 explain 15.5% and 7% of the observed variance, respectively. A projection of the data set onto PC1 and PC2 segregated individual cells into two defined clusters ( Figure 3B ). The TE cluster could be separated from the ICM by the PC1 on the x axis. We next sought to identify the most contributive genes to clarifying these two cell types in the early blastocyst. As shown in Figure 3C , DAB2 is the most specific markers of the TE, whereas platelet derived growth factor receptor alpha (PDGFRA), hepatocyte nuclear factor 4 alpha (HNF4A), fibronectin 1 (FN1), NANOG, nuclear receptor subfamily 5 group A member 2 (NR5A2), goosecoid homeobox (GSC), platelet and endothelial cell adhesion molecule 1 (PECAM1), acyl-CoA synthetase long chain family member 5 (ACSL5), and lysine acetyltransferase 6A (KAT6A; previously known as MYST3) are enriched in the ICM. Notably, similar to the results in bovines [23] , GSC, which is expressed specially in the mouse primitive streak, is also enriched in the porcine ICM ( Figure 4D ).
To determine whether these genes enriched in each lineage show differential expression levels across single cells of the early blastocyst, we analyzed our data with violin plots ( Figure 3D ). As expected, the endogenous control gene ACTB shows a unimodal expression. The TE enriched gene DAB2 clearly shows bimodal distribution, reflecting high expression levels in TE cells and low or no expression in ICM cells. The ICM enriched genes, such as PDGFRA, HNF4A, FN1, NANOG, NR5A2, GSC, PECAM1, ACSL5, and MYST3, also show bimodal expression patterns, fitting with the extreme distribution of the genes in PCA shown in Figure 3C . Ordering single cells of the early blastocyst according to their PC1 score and plotting the expression levels of the six lineage enriched genes further confirmed their TE or ICM expression specificity ( Figure 3E ).
EPI and PE lineages are not identified in the late blastocyst
After the second lineage specification, the late blastocyst consists of three cell types with different development potency, namely, TE, EPI, and PE. Thus, we next asked whether these three different cell lineages could be identified based on our gene expression data sets. As described above, we first performed unsupervised hierarchical clustering and PCA of individual blastomeres from late blastocysts. Nevertheless, cells presented as two but not three obvious distinct populations in the hierarchical clustering and PCA score plot (Supplementary Figure S1 and Figure 4A) . Moreover, the TE and ICM lineage-specific genes are the same as the early blastocyst (Figure 4B) . To further illustrate the identity of these cells, we projected the gene expression patterns of individual cells from the late blastocyst onto the first three PCs calculated for the early blastocyst (Figure 4C ). This analysis revealed that all these single cells from the late blastocyst were either TE-like or ICM-like. Similar to the bovines [26] , the EPI-specific marker NANOG and the PE-specific markers PDGFRA, HNF4A, FN1, and GSC were all enriched in the ICM ( Figure 4D ). However, different from the bovines, the PE transcription factors GATA binding protein 4 (GATA4) and GATA binding protein 6 (GATA6) were not so obviously enriched in the ICM cells at this stage (Supplementary Figure S2) , indicating that the PE lineage might be still not completely segregated or there are other factors to identify porcine PE cells. Notably, NR5A2 and MYST3, which encode the pluripotent transcription factor and lysine acetyltransferase, respectively, were also highly expressed in the ICM, suggesting that they might participate in the first lineage specification of porcine early embryos and pluripotency regulation of porcine ESCs.
Expression patterns of lineage-specific genes in morulae single cells
As reported in mice and bovines [20, 23] , lineage-specific genes identified in the blastocyst are coexpressed at high levels in the majority of individual blastomeres at the morula stage. Moreover, their expression levels were comparable to the levels in lineage-specific single cells at the blastocyst. To visualize whether this expression pattern exists in pigs, we first projected the gene expression patterns of cells from the 16-cell and 32-cell stages onto the first two PCs computed for the early blastocyst ( Figure 5A ). Similar to the results in mice and bovines, the cells moved closer to the TE cells during the transition of 16-to 32-cell to the early blastocysts, indicating some cells are undergoing differentiation. However, many of the respective lineagespecific genes identified in the porcine blastocysts low expressed in the most cells of the morula stage ( Figure 5B ).
Discussion
In this study, we applied single-cell analysis to detect the expression patterns of 96 genes from hundreds of individual blastomeres collected from zygote to the late expanded blastocyst of porcine ICSI embryos. Our study provides insight into the generation of the two cell lineages in porcine blastocysts at single-cell resolution.
Several studies have revealed that ZGA is necessary for early embryonic development [27] . Transcriptome analysis of porcine preimplantation embryos indicated the time of ZGA was delayed to the 8-cell stage in in vitro somatic cell nuclear transferred embryos [2] . Similar to this, the ZGA also occurs at the 8-cell stage in in vitro ICSI embryos according to our single-cell data. This might be one reason for the low efficiency of blastocyst formation of in vitro cultured ICSI embryos [28] .
Different from those previous reports in mice and bovines [20, 21, 23] , single cells in porcine late blastocysts cannot be segregated to three lineages based on the gene expression patterns. We speculate that there are three major reasons for this phenomenon. On one hand, we might not isolate all ICM cells comprising EPI and PE cells due to the limitation of single-cell isolation technology. On the other hand, the gene sets we detected cannot identify the porcine EPI and PE cells and there might be other genes specific to porcine EPI and PE lineages. Last but not the least, the difference might be explained by the different developmental modes of mice and porcine. Mouse embryos implant to the uterus 1 day after the blastocyst formation. However, porcine blastocysts float in the uterus for approximately 1 week during which the embryos undergo further differentiation [29] . Thus, the EPI and PE cell specification in pigs might be later than in mouse. In previous mouse and human embryonic single-cell studies, they isolate the inner and outer cells by staining or mechanical dissection methods [20, 22] . However, we did not isolate all the ICM cells successfully due to technical limitation. Although the microfluidic single-cell qPCR is more sensitive and cost-effective than transcriptome sequencing, only a limited number of target molecules, usually 1 to 96, can be assessed in a workflow [30] . Therefore, to accurately draw out the second cell fate determination specific to pigs, the single-cell isolation method needs to be improved and the single-cell transcriptome sequencing of porcine in vivo preimplantation embryos requires to be carried out in future studies. It will provide more information for the regulation of porcine embryonic development and deriving ESCs.
Additionally, these lineage-specific genes identified in porcine two lineages are low expressed in most morulae blastomeres. Considering the fact that the first cell fate determination occurs at the morula stage and the gene expression patterns differs in different species, we speculate there might be two reasons for this. Besides other key lineage genes specific to porcine exists, the morula selected to isolate single cells might be blocked to develop and thus influenced the expression of lineage-specific genes due to the current incomplete ICSI technology and in vitro culture systems of porcine embryos. This emphasized the necessary to improve porcine ICSI technology and in vitro culture systems of porcine embryos in future studies. Evidence have shown that Nr5a2 (also known as Lrh1 or Ftf) is a critical transcription factor in mouse embryo development and pluripotency regulation. Mice with Nr5a2 deficient die at around embryonic day 7.5 [31] . Research on mouse epiblast of embryonic development and ESCs demonstrated that Nr5a2 can activate the transcription of POU class 5 homeobox 1 (Pou5f1) which encodes the key factor for pluripotency maintenance [32] [33] [34] . In addition, Nr5a2 not only increases the reprogramming efficiency, but also can replace Pou5f1 in the reprogramming of murine somatic cells to pluripotent cells, which further highlights the important role of Nr5a2 in regulating Pou5f1 and maintaining pluripotency [35] . A recent study reported that NR5A2 affects blastocyst formation and hatching in porcine embryonic development through regulation the expression of POU5F1 and cell apoptosis [36] . In this study, the observation that NR5A2 mRNA is enriched in porcine ICM cells indicated that it might also be involved in the pluripotency maintenance of porcine ESCs and might be a reporter gene to screen pluripotent stem cells.
Several signaling pathways are crucial for the pluripotency regulation and lineage segregation. The self-renewal of ESCs depends on different signaling pathways across species, such as mouse ESCs depends on LIF/STAT3 signaling, while human ESCs depends on FGF and TGF-beta signaling. However, the signaling pathway involved in maintaining the pluripotency of porcine pluripotent cells was underdetermined [13] . Previous researchers demonstrated that LIF was indispensable for maintaining the proliferation of porcine ESC-like cells [37] [38] [39] . On the other hand, recent results tended to show that both FGF and LIF signaling were necessary for porcine pluripotency maintenance [13, 40, 41] . In this study, similar to what is claimed by a published report in the mouse [20] , fibroblast growth factor receptor 2 (FGFR2) mRNA is highly enriched in the porcine ICM. And we detected a weak expression level of the ligand fibroblast growth factor 10 (FGF10) but not fibroblast growth factor 4 (FGF4). However, the expression of two key LIF signaling components, LIF receptor alpha (LIFR) and signal transducer and activator of transcription 3 (STAT3), is relatively weak in porcine ICM. These observations imply that FGF but not LIF signaling might play an important role in porcine pluripotency regulation. Recently, a single-cell transcriptome research reported that FGF and WNT signaling are required for lineage segregation in the marmoset blastocyst [42] . In this study, different from bovines [23] , these two WNT signaling components, catenin beta like 1 (CTNNBL1) which enhances pluripotency [43] and glycogen synthase kinase 3 beta (GSK3B), are highly expressed in porcine preimplantation embryos. This implied that WNT signaling might be also necessary for porcine early embryonic development and pluripotency maintenance. Certainly, a detailed investigation is required to determine whether WNT signaling regulates lineage segregation in porcine embryos as occurs in the marmoset.
In summary, we performed a quantitative analysis of the expression of many genes in parallel at single-cell resolution throughout the time course of porcine preimplantation embryonic development. The combinatorial gene expression defines the cellular state and transitions in potency. Our single-cell analysis offers intriguing new insights into the early cell fate determination in pigs and offers theoretical support for deriving porcine ESCs.
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